Abstract: Spatial heterogeneity of the determinants of airport noise is explored using houses sold near the Atlanta airport. Ordered probit locally weighted regressions (OPLWR) produce results substantively different than those using standard ordered probit. We find notable differences in the signs and magnitudes of the parameter estimates for different individual observations using OPLWR. For example, using a standard ordered probit model, the coefficient estimate for the connection between the percentage of neighborhood households headed by a Hispanic and noise is double the average of the OPLWR estimates. Moreover, while the standard ordered probit point estimate is positive, 37 percent of the estimates using OPLWR are negative. Even in relatively small areas, the OPLWR results imply that the standard ordered probit model can generate biased estimates due to ignored heterogeneity among individual houses.
Introduction
Airport noise is an undesirable consequence of arriving and departing flights. Much research effort has focused on how such noise affects the prices of houses located nearby and consistently finds that more noise is associated with lower housing prices.
1 Ogneva-Himmelberger and Cooperman (2010) and Sobotta, Campbell, and Owens (2007) are notable examples of studies focused on the determinants of airport noise. In the latter study, the authors regress airport noise in Phoenix, expressed as a qualitative dependent variable, on various independent variables, including the percentage of the neighborhood population that is Hispanic. They find that households in neighborhoods with greater Hispanic population were subjected to higher noise levels than households in other neighborhoods.
On the other hand, few studies have examined the determinants of airport noise.
2,3
The importance of addressing spatial effects has become clear in recent studies of airport noise (Cohen and Coughlin, 2008) . In the present study, we focus on spatial heterogeneity in the One might wonder, however, whether a closer look might reveal some substantial differences across geographic locations. Such spatial heterogeneity could occur in the impacts of demographic variables, as well as other spatial variables including distance from the airport, on the probability of greater noise exposure.
1 See Cohen and Coughlin (2008; 2009) for numerous references. 2 This finding led them to conclude that those with Hispanic ethnicity incurred an environmental injustice.
Environmental justice is not an issue that we can address effectively with our dataset. We lack sufficient data to assess whether a particular racial or ethnic group moved to a noisy neighborhood or airport noise encroached on a group to a disproportionate degree. Thus, we reach no conclusions as to whether some groups are affected unfairly by the decisions of others concerning airport noise.
context of the determinants of the geographic distribution of airport noise. We postulate that there is substantial geographical variation in the determinants of airport noise, and that ignoring such heterogeneity can produce misleading views of where noise (from a geographic perspective) falls on different racial and ethnic groups.
Beyond incorporating spatial heterogeneity, our contribution includes several innovations directly relevant to the analysis by Sobotta, Campbell, and Owen (2007) . 4 First, we order the dependent variable with three categories ranging from the least noisy to the greatest noisy area. The three categories, based on yearly day-night sound levels (DNL) are: 1) buffer zone -houses are located in a less the 65 DNL zone (i.e., less than 65 dB); 2) 65 DNL zone (i.e., 65 up to 70 dB); and 3) 70 DNL zone (i.e., 70 up to 75 dB).
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In addition to estimating a standard ordered probit model, following McMillen and McDonald (2004) , we estimate ordered probit locally weighted regressions (OPLWR). This estimation approach allows us to explore the issue of spatial heterogeneity in the context of the determinants of airport noise, which to our knowledge has not been examined previously. 6 4 In our study, we also considered confronting the possibility of simultaneity between housing prices and noise. In addition to the standard relationship of noise affecting housing prices, it is possible that housing prices affect noise. Airport authorities may choose to direct flights so as to distribute relatively more noise over relatively less expensive houses. This may be done for economic reasons, one of which is that compensation for harm might be less for lower-valued houses. Political reasons may also be operative as those living in less valuable houses may lack the political power to resist higher noise levels. We considered estimating an equation in which airport noise is a function of the instrumented housing prices, demographic variables, and other variables. This second equation would be estimated by ordered probit because airport noise is a qualitative dependent variable. But since the ordered probit is a nonlinear equation, we could not be sure that the parameters of the simultaneous system would be identified, so we opted to not pursue the simultaneous equations approach.
OPLWR is a more tractable approach than parametric estimation approaches such as a spatial ordered probit model. It also allows for heterogeneity in each individual parameter estimate by obtaining a separate parameter estimate for each data point. One might anticipate that because our dataset is limited to those sales near the airport spatial heterogeneity is likely to be unimportant. Such an expectation is not supported by our results.
We find notable differences in parameter estimates for different houses in our sample with the OPLWR estimates. In particular, the sign on the coefficient for each explanatory variable contains some positive and some negative values. Also, the mean of the magnitudes of the coefficients for some of other explanatory variables are larger with the OPLWR model, while for other coefficients the mean is smaller. These differences between the OPLWR and the ordered probit results imply that focusing exclusively on an ordered probit model for the determinants of noise can lead to biased estimates in our context due to ignored heterogeneity among individual houses in our sample.
Prior to providing details on our equations and results, we provide an overview of our dataset. Next, we focus on the standard ordered probit model and the results. This is followed by details on the ordered probit locally weighted regressions. A discussion of our key findings completes the paper.
Data
We use data on airport noise levels surrounding the Atlanta airport in 2003. The airport noise contours were obtained from the Atlanta Department of Aviation, and are the same noise contours used by Cohen and Coughlin (2008 
Ordered Probit Model
The first model we estimate, a standard ordered probit (OP) model, is as follows:
where Noise is a categorical variable for a house sold in one of the three noise level groupings described above, ordered from least to most noisy; X represents a set of variables measuring: 1) the age of the house in logs -AgeLog, 2) the distance in logs from the house to the airport -DistanceLog, 3) the percentage of the houses in the neighborhood in which the house was sold with a black head of household -BlkHH00, 4) the percentage of houses in the neighborhood in which the house was sold with a Hispanic head of household -HispHH00, and 5) the median household income in the neighborhood in which the house was sold -MedHHInc00; and u is an error term with a normal distribution with zero mean and constant variance. The inclusion of variables is driven by our interest in both neighborhood characteristics -income levels as well as racial and ethnic characteristics -and house characteristics -location and age.
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Ordered Probit Results
The results produced by estimating equation (1') by ordered probit are presented in Tables 3 and 4 . The results in Table 3 indicate that all the variables are statistically significant.
The results in Table 3 must be transformed before interpreting them as marginal effects. 7 Upon first impression, the inclusion of age might be puzzling. It is an attempt to assess if newer or older houses are subjected to more noise. One possibility is that the construction of newer house would tend to take place where there is less noise. However, soundproofing might be more economical for new construction, so noise would be less of a nuisance for new construction. Thus, new construction might not necessarily avoid noisier areas.
Because there are three categories for the dependent variable, each can be ordered on a line segment under the normal distribution curve, and the width of each sub-segment would depend on the frequency of the observations for each noise level. The probability of each value of the dependent variable is the area under the curve between the boundaries of each particular subsegment. The marginal effects of an increase in an exogenous variable on the predicted probabilities of each possible value of the dependent variable can be assessed in the context of a normal distribution that shifts in response to the change in the exogenous variable. This shift leads to a different area under the normal distribution for each of the three possible outcomes.
When there is a positive relationship between the dependent variable and the exogenous variable causing the shift, there will be less area under the normal curve for the lowest outcome (noise less than 65 dB), so this probability will decrease. For the largest outcome (noise greater than 70 dB), the area under the normal curve will increase, so the probability that a house is exposed to noise greater than 70 dB increases. The outcome of an increase in an exogenous variable on the area in the middle range (65 up to 70 dB) is ambiguous, as the probability of being in this noise range may either increase or decrease.
After transforming the results in Table 3 , an examination of Table 4 reveals that the marginal effects are negative and significant in the buffer zone (noise less than 65 dB) for the black (BlkHH00), Hispanic (HispHH00), and income (MedHHInc) variables. Because of their positive coefficients in Table 3 , increases in any of these three exogenous variables (i.e., larger neighborhood percentages of black and Hispanic heads of households and higher neighborhood median income) will shift the entire probability distribution to the right, which decreases the probability of being in the buffer zone. Meanwhile, the variables for the age of the house (AgeLog) and distance from the airport (DistanceLog) are negative and statistically significant.
Because of their negative coefficients in Table 3 , the positive sign for the buffer zone partial derivatives in Table 4 reflects the fact that increases in these explanatory variables shift the buffer zone probability distribution to the left. Thus, higher values of these variables (i.e., older houses and houses farther from the airport) increase the probability of being in the buffer zone.
For each explanatory variable, the signs of the marginal effects for the buffer zone and the most noisy (noise greater than 70 dB) part of the probability distribution are opposite each other, and the interpretations for houses in the most noisy zone follow accordingly.
We also examine the marginal effects for the 65 up to 70 dB noise contour. For percent black and Hispanic households, the signs of their marginal effects imply that for the average house in the 65 up to 70 dB zone, higher percentages of either of these populations in the neighborhood leads to a higher probability that houses in the neighborhood will be exposed to 65 up to 70 dB of noise. A similar finding holds for median household income -for the average house in the 65 up to 70 dB zone, higher household income in the neighborhood leads to a higher probability of exposure to 65 up to 70 dB of noise. On the other hand, the age and distance marginal effects are negative and significant for the 65 up to 70 dB dependent variable.
Larger values of either age of a house or distance from the airport lead to a lower probability that a house is exposed to 65 up to 70 dB of noise.
Ordered Probit Locally Weighted Regressions: Locally Weighted Maximum Likelihood
It is possible that some of our variables affect the probability of a given level of airport noise nonlinearly. In other words, the neighborhood characteristics of different houses may have different impacts on the probability of a given level of noise exposure. A standard ordered probit model does not adequately account for such nonlinearities because the parameter estimates are constrained to be equal across all data observations. Thus, ignoring the spatial heterogeneity in the parameter estimates can lead to inaccuracies in interpretation of the magnitude and direction of the distance and the demographic variables on the probability of greater noise. McMillen and McDonald (2004) propose an estimation approach that allows for heterogeneity, which we call ordered probit locally weighted regressions (OPLWR).
They specify a "pseudo log-likelihood function" to estimate a separate set of parameters for each observation, and they call this a locally weighted ordinal probit pseudo log-likelihood function.
For the case where there are 3 possible "regimes" in the ordered probit, the pseudo loglikelihood function is:
where Φ ( ) is the standard normal cumulative density function; β i is the parameter vector for observation i; D 0j , D 1j and D 2j are dummy variables taking the value of 1 if observation j is either 0, 1, or 2, respectively, and 0 otherwise; μ i is a parameter for observation i; and w ij is the weight that house j has on house i.
The weight structure is somewhat different than for typical spatial econometric weighting matrices. One possibility, which we use in our analysis, relies on the "Gaussian function", and is represented as:
where φ is the standard normal (Gaussian) density function; d ij is distance (as the crow flies) between house i and house j; s i is the standard deviation of the distances between house i and all other houses j; and b represents the "bandwidth".
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Many locally weighted regression applications have used the Gaussian function. The determination of the bandwidth tends to be more important than the choice of the weighting function. For example, the results in Thorsnes and McMillen (1998) Table 5 contains results for the OPLWR estimations, based on the preferred bandwidth of b = 0.4. Prior to examining the results for specific variables, we summarize some of our findings. While some similarity in terms of the signs (e.g., the matching of the signs using OP with the averages signs using OPLWR) and magnitudes of the estimated coefficients (e.g., the magnitude of the coefficient for distance using OP is roughly equal to the average of the coefficients using OPLWR) exists, most noteworthy is that substantial heterogeneity is found.
Ordered Probit Locally Weighted Regressions: Results
For each variable, the estimated coefficients for the OPLWR model exhibit positive as well as 11 See Thornes and McMillen (1998) The Hispanic variable (HispHH00) demonstrates a substantial amount of heterogeneity, with a notable mix of both positive and negative coefficients. The mean OPLWR is about half the magnitude, and the same sign as, the OP coefficient estimate. Thus, the OPLWR approach, compared with the OP estimates, adds explanatory power with respect to the Hispanic variable.
For the distance variable (DistanceLog), the mean OPLWR has the same sign but is about 8 times the magnitude of the coefficient estimate of the OP. Moreover, the range includes mostly negative but only a handful of positive values. In general, distances closer to the airport imply that houses are subjected to more rather than less noise.
Where Does the Noise Fall and Upon Whom? A Graphical View
The preceding discussion summarizes our results, but provides virtually no geographic perspective. Now we attempt to increase the insights relating to the effects of our independent variables by adding some geographic meat. Using a picture identifying the noise contours surrounding the Atlanta airport and the locations of houses in our sample, the estimates for each independent variable are presented in two ways. In the top panel of each figure, the locations of positive coefficients (in red) are distinguished from the negative coefficients (in black). In the bottom panel, the coefficients are grouped by quintiles with the first quintile containing the smallest estimates.
Let's start by examining the estimates for the distance variable (DistanceLog). For the model with the b = 0.4 bandwidth, the 505 houses with negative coefficients on the distance variable are plotted in black in Figure 2a , while the three houses with positive coefficients for the distance variable are in red. For the "red" houses, moving closer to the airport (i.e., the value of the distance variable declines) increases the probability of those houses being in the buffer zone. While there are few red houses, their sign may be a result of the fact that just to the north of the airport, the 65 and 70 DNL zones are very thin. For the houses shaded in "black", moving closer to the airport lowers the probability of those houses being in the buffer zone. Also, for houses not located directly east or west of the airport, moving closer to the airport may or may not lead to higher noise levels. For example, for the "red" shaded houses located north of the airport in the buffer zone, moving further from the airport in the southeasterly direction can put them in the 65 DNL zone and, thus, subjected to more noise.
Overall, however, the negative relationship between the estimated coefficients and distance (in logs) is strong. Generally speaking, the farther the house from the airport, the more likely the house is in the buffer zone (is subjected to the lowest noise level).
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The results for the variable measuring the percentage of houses in the neighborhood in which a house was sold with a Hispanic head of household (HispHH00) This statement is corroborated by Figure 2b . The smallest coefficient estimates (i.e., houses identified by white dots) tend to be farthest from the airport, while the largest coefficient estimates (i.e., houses identified by red dots) tend to be nearest the airport.
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We also find heterogeneity in the parameter estimates for the variable measuring the percentage of houses in the neighborhood in which a house was sold with a black head of household (BlkHH00). However, the vast majority of estimates are positive (463 or 91 percent).
This means that for these largest values an increase in the Hispanic percentage tends to be associated with a reduced probability of being in the buffer (i.e., more likely to be subjected to a noisier area).
The few negative values (45 or 9 percent) are clustered and dominate the southwest portion of our map in Figure 4a . Because the majority of estimated coefficients are positive, an increase in the level of this variable is generally associated with a reduced probability of remaining in the buffer zone.
Also, contrary to the findings for our Hispanic-related variable, the correlation between the coefficient estimates and BlkHH00 is negative.
14 Turning attention to the income variable, the 36 negative values are clustered slightly northeast of the airport in Figure 5a . Nearly all the negative values are in the buffer zone. The majority (472 or 93 percent) of estimated coefficients are positive. Thus, somewhat surprisingly, an increase in income is generally associated with a reduced probability of remaining in the buffer zone. The correlation between the coefficient estimates and income levels is, at most, weakly positive.
Thus, the very largest percentages of this variable tend to be associated with the smallest (i.e., negative) coefficients. This means that for these largest values an increase in the black percentage tends to be associated with an increased probability of being in the buffer (i.e., less likely to be subjected to a noisier area).
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Finally, the clustering of positive values of the age variable occurs northeast of the airport in Figure 6a . The vast majority (457 or 90 percent) of the estimated coefficients are negative. Thus, an increase in age is generally associated with an increased probability of being in the buffer zone. This result is consistent with the possibility that modern soundproofing can Still, we find that for these highest income levels, an increase in income is associated with a reduced probability of being in the buffer zone.
increase the attractiveness of building a new house in a noisier area. There is, however, no obvious relationship between the estimated coefficients and house age.
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Conclusion
The findings of a vast degree of heterogeneity with the OPLWR approach contrast with those from the OP estimation, so it is clear that exploring heterogeneity in different neighborhoods generates additional insights in assessing where the noise falls are masked in the OP model estimates.
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The Hispanic population variable exhibits a notable amount of heterogeneity in the sign of the coefficients. The impact of Hispanic population on airport noise varies in sign depending on geographic location. For the preferred bandwidth of 0.4, the estimated coefficient tends to be negative for the majority of the houses located west of the airport and positive for most houses east of the airport.
One implication is that standard ordered probit in the present case generates misleading and biased estimates due to the ignored heterogeneity among individual houses. Thus, generalizations concerning the relationship between racial or ethnic groups and airport noise are quite likely inaccurate and inappropriate. This implication arises despite the fact that our analysis is restricted to a relatively small geographic area near the Atlanta airport.
One might reasonably expect spatial heterogeneity to become even more pronounced for larger geographic areas.
We find heterogeneity depending on the composition of neighborhoods. 
AgeLog
Age of house (in natural logs).
B1kHH00
Percentage of houses in the neighborhood in which a house was sold with a black head of household.
HispHH00
Percentage of houses in the neighborhood in which a house was sold with a Hispanic head of household.
MedHHInc00
Median household income in the neighborhood in which a house was sold. 
